Background: Cluster Headache (CH) is a severe primary headache, with a poorly understood pathophysiology. Complex genetic factors are likely to play a role in CH etiology; however, no confirmed gene associations have been identified. The aim of this study is to identify genetic variants influencing risk to CH and to explore the potential pathogenic mechanisms.
Background
Cluster Headache (CH) is a primary headache with a mean prevalence of 0.1% among general population and a clear male predominance [1] . It is characterized by severe unilateral retro-orbital or fronto-temporal pain attacks, occurring even eight times a day and associated with homolateral autonomic signs [2] . Pain attacks show a circadian and seasonal rhythmicity and smoking is the most frequent life-time habit in CH patients with a prevalence over 80%.
The biology of CH is poorly understood. Current hypotheses are focused on vasomotor changes, inflammation, immune changes, autonomic system imbalance and hypothalamic dysfunction [3] . Twin and family studies have indicated the importance of genetic factors in CH [1] . Genetic predisposition seems to be complex, with the environment and genetic factors interacting together [1] .
Association studies focussing on candidate genes have suggested a possible role for HCRTR2 [4] [5] [6] , not confirmed in a recent meta-analysis [7] . No associations or conflicting results were found for variants in CACNA1A [8] , NOS [9] , MTHFR [10] , PER3 [11] , SERPINA [12] , and ADH4 [13, 14] genes.
Given the largely unknown pathophysiology of CH, we have undertaken a whole-genome approach to identify the underlying genetic determinants in a clinically welldefined cohort of 99 Italian patients with CH. A cohort of 360 healthy Italian individuals, composed of agematched cigarette smokers, was used as a control sample. We have used the Infinium PsychArray (Illumina) [15] , which combines both common highly-informative genome-wide tag single-nucleotide polymorphisms (SNPs) and exonic SNPs, with an enrichment in genetic variants associated with common psychiatric conditions. This approach thus offers greater potential for the identification of rare or common variants with phenotypic effects in CH.
Methods

Study samples
One hundred patients with CH were enrolled at the Division of Toxicology and Clinical Pharmacology, Headache Centre, University of Modena and Reggio Emilia (Italy). CH diagnosis was made following the ICHD-III beta criteria [2] . CH patients clinical assessment included sex, age, headache history (age of onset, duration of the active phase, highest number of clusters per day and per month, triggering factors, associated autonomic symptoms, correlation with cigarette smoking in the active phase), drug treatment history and smoking status (number of cigarettes per day, CPD, and Fagerström test for nicotine dependence, FTND [16] ). The control sample consisted of 360 age-matched Italian smokers, not suffering from CH or migraine, recruited at the same centre as part of a study on the genetics of nicotine dependence (RF-2009-1549619). All participants were of self-reported Italian ancestry and provided a written informed consent to participate. This study was approved by the local Ethical Committee and took place in observation of the declaration of Helsinki (protocol number 2224/2013).
Genotyping and quality control procedures DNA for genotyping was extracted from blood or saliva. Genotyping was performed on Illumina Infinium® PsychArray microarrays (Illumina, San Diego, California, USA) in two batches, the first using Illumina PsychArray-24 v1.0, the second using PsychArray-24 v1-1 array [15] . We limited our analysis to 566178 variants present on both versions of the array. Content for the Infinium PsychArray includes 265,000 proven tag SNPs found on the Infinium Core-24 BeadChip, 245,000 markers from the Infinium Exome-24 BeadChip, and 50,000 additional markers associated with common psychiatric disorders.
The clustering algorithm implemented in GenomeStudio was used to cluster the data. Array clustering and quality control (QC) was performed according to recommended guidelines [17] (see Additional file 1 for details). The overall data quality was high: only one control DNA sample failed QC thresholds (one additional CH sample was subsequently removed because of non-European ethnicity); 10 replicate pairs of samples undergoing genotyping were assessed for consistency and reproducibility of the assay and agreement of genotyping calls was 99.99% over all genotypes across these pairs. Principal component analysis (PCA) was performed using PLINK 1.9 [18] on SNPs with minor allele frequency (MAF) > 0.01, pruned for linkage disequilibrium (200 kb window size, r2 > 0.5). PCA plots were generated using the Genesis tool [19] . One outlying sample was identified and excluded from subsequent association analysis (Additional file 1: Figure S1 ). Relatedness among subjects was checked using PLINK -genome option. 458 samples (99 cases, 359 controls) and 556485 variants pass filters and QC, of these 211927 are monomorphic and were excluded from association analysis.
Sanger sequencing was used to screen the MME coding region in all CH affected individuals. Primers sequences are available from the authors upon request.
Association analysis
Single marker SNP association analysis was performed using the PLINK v 1.9 software [18] . Basic case-control analysis was performed on 290505 SNPs that passed QC and MAF > 0.01 using Fisher's exact test. Results from the association analysis were clumped according to P-value using PLINK. Each clump is represented by an index variant (that with the lowest P-value in the clump), and contains all SNPs with P-value < 0.01 in linkage disequilibrium with it (R 2 > 0.5, within 250 kb of the index SNP). Logistic regression was performed using PLINKlogistic command. To correct for multiple testing we applied the Bonferroni correction (P < 1.7 × 10 −7
, corresponding to 0.05/number of analyzed SNPs). Quantilequantile (Q-Q) plot for test statistics was performed using the R package; the regional association plot was created using LocusZoom [20] .
Gene-based association analysis was conducted using the Sequence Kernel Association Test (SKAT) [21] , which aggregates individual score test statistics of a set of SNPs and efficiently computes gene-level p-values. Post QC, non-monomorphic SNPs were mapped to RefSeq genes (downloaded from the UCSC Table Browser, GRCh37/hg19). SKAT analysis was restricted to a comprehensive collection of candidate genes with a plausible role in CH pathogenesis. The selection of candidate genes was based on Gene Ontology (GO) biological process annotations (http://geneontology.org/ page/download-annotations). We selected a group of 1038 genes annotated with sixty-six GO terms implicated in pain perception and response, blood pressure regulation and vasodilation/vasoconstriction, circadian rhythms, alcohol metabolism, neuropeptide signalling, ion channels, nicotinic acetylcholine receptors, tumour necrosis factor (TNF) signalling. The complete list of candidate genes and GO annotations is listed in Additional file 1: Table S1 . Gene-based analysis was conducted on all protein altering variants (non-synonymous and splicing variants) with MAF <0.05 within these candidate genes, for a total of 2568 variants in 745 candidate genes (Additional file 1: Table S2 ). These included 2497 missense, 11 frameshift, 40 stopgain, 3 stoploss, and 17 splicing variants. We used a Bonferroni correction based on the number of the evaluated genes to assess the significance of the gene-based test results (p < 6.7 × 10
−5
). Functional annotation of variants was performed using Polyphen-2 [22] and the Combined AnnotationDependent Depletion method (CADD) [23] . CADD is a tool for scoring the deleteriousness of variants in the human genome by incorporating a variety of algorithms in an integrated score (C score).
Results
After stringent quality control filtering and exclusion of 211927 monomorphic SNPs, 344558 high quality SNPs were retained for genetic association analysis for CH disease susceptibility. The population sample included 99 individuals with CH and 359 controls. Demographic and clinical characteristics are summarized in Table 1 . We conducted genome-wide association tests for single SNPs, as well as gene-based tests focussing on a subset of rare protein altering variants (PAVs), which a priori, are more likely to impact on disease status.
Genome wide association analysis
Single marker case-control association analysis was performed on high quality SNPs with minor allele frequency (MAF) > 0.01 (290505 SNPs) in the study population, using the Fisher exact test (Additional file 1: Table S3 ). Calculation of the genomic inflation factor indicated no overall inflation of the genome-wide statistical results (λ =1), and the Q-Q plot displayed no global departure from the expected null distribution of P-values (Additional file 1: Figure S2 ). Both of these results indicate negligible inflation of the genome-wide association signals caused by ), we identified some suggestive associations (P < 10
−5
). Results of the top loci are shown in Table 2 . A SNP cluster tagged by rs1006417 on chromosome 14 was the most significant hit (P = 1.4 × 10
), located in a gene poor region with no known genes (Additional file 1: Figure S3 ). The second suggestive hit was for an intronic SNP in the ADCYAP receptor type I gene (ADCYAP1R1), encoding for pituitary adenylate cyclase-activating peptide (PACAP) receptor (Additional file 1: Figure S3 ). Because CH patients are more frequently males, the male:female ratio differed in the cases and controls, we thus performed a logistic regression analysis with adjustment for sex as a covariate. This analysis confirmed the chromosome 14 locus as the most significant result while the significance of the ADCYAP1R1 SNP was somewhat decreased (Additional file 1: Table S4 ), suggesting a possible sex effect at this locus. Adding adjustment for age and CPD to the logistic regression model provided similar results.
Notably, our dataset did not provide support to previously reported putative association signals for CH in the HCRTR2 and ADH4 genes. None of the genotyped SNPs mapping to these genes, including the previously implicated SNPs rs2653349 (G1246A) in HCRTR2 and rs1126671 in ADH4, reached a nominally significant P-value (Additional file 1: Table S3 ).
We also investigated a possible overlap with genetic susceptibility to migraine. A recent meta-analysis identified 45 independent confirmed SNPs that map to 38 distinct loci [24] , of which 29 were directly genotyped or captured by a tag SNP in our study. Only rs9349379 in PHACTR1 achieved a nominally significant P value (P = 0.034) (Additional file 1: Table S5 ).
Furthermore, given the relationship between CH and tobacco smoke, we hypothesized that genetic risk factors involved in smoking-related traits might also have a possible role in CH susceptibility. We inspected the CHRNA5-CHRNA3-CHRNB4 cluster, the CHRNA6-CHRNB3 cluster and CHRNA4, which are genes showing confirmed association to nicotine dependence and smoking behaviours [25] [26] [27] . However, no allelic imbalance was detected between CH cases and control smokers at any of the tested polymorphic variants (including the functional non-synonymous SNP rs16969968) (Additional file 1: Table S3 ). Given the availability of smoking measures in our sample, we also tested if an effect of these variants on smoking quantity (CPD) or nicotine dependence (FTND) was detectable in our sample. Linear regression analysis, with adjustment for sex, age, and CH case status, did not reveal any signal (data not shown). 
Gene based analysis
To increase power to identify disease causing variants, we restricted our analysis to rare (MAF < 0.05) PAVs mapping to a comprehensive collection of candidate genes associated to cellular processes with a plausible role in CH, including pain perception and response, vasodilation and vasoconstriction, circadian rhythms, alcohol metabolism, neuropeptide signalling, ion channels, nicotinic acetylcholine receptors, TNF signalling (Additional file 1: Table S1 ). A total of 2568 rare PAVs belonging to 745 candidate genes were included in gene-based analysis using SKAT [21] , which produces a gene-level P value that indicates the degree of enrichment of rare variant associations for SNPs within a gene (Additional file 1: Table S1 ). The most significant results (nominal P-value < 0.001) are shown in Table 3 . The membrane metalloendopeptidase gene (MME), was the most significant gene with nominal P value of 2.5 × 10 −5 , which survived Bonferroni correction for multiple testing (P = 0.019). All the individual SNPs contributing to the gene-level tests (Table 3 ) had good genotyping cluster properties and genotyping rate > 99.9%. Interestingly, the most significant SNP (rs147564881) is a missense variant in MME (NM_000902.3:c.674G > C, p.G225A), which was found in 3.5% (7/99) CH patients and in none of 359 Italian controls. This variant is very rare in the general population (MAF = 0.1% in all 1000 Genome Project phase 3 individuals, 0.2% in 60,706 individuals of the Exome Aggregation Consortium ExAC), and has a possible damaging effect based on bioinformatic tools; the CADD PHRED-scaled C score is > 20, thus ranking in the top 1% of predicted deleteriousness of all possible single nucleotide variants [23] . The MME variants were confirmed by Sanger sequencing of the entire MME coding region in all CH patients; no additional rare variant was detected except for a synonymous SNP (rs200455903). Clinical details of the seven CH patients heterozygous for the c.674G > C (p.G225A) variant are shown in Additional file 1: Table S6 ; these subjects did not show significant differences in clinical aspects distinguishing them from the rest of the CH patient sample. Other nominal suggestive results (p < 0.01) were identified, including NPY1R (Neuropeptide Y receptor type 1), BDKRB1 (B1 bradykinin receptor), SLC5A3 (Sodium/myo-inositol cotransporter), CCL26 (C-C motif chemokine 26) and GRM1 (Metabotropic glutamate receptor 1) ( Table 3) .
Discussion
At present, the molecular genetic background of CH remains a largely unexplored field. Molecular genetic investigations of CH have been in part hampered by the complex nature of the disorder and have been confined to single candidate gene studies. GWAS offer a hypothesis-free alternative to candidate gene studies and have recently brought novel insights into the biological and genetic underpinnings of many complex traits, including migraine [24] . However, most GWAS have focussed on common variants in the general population (>5%) with a modest effect on risk, hence requiring very large sample sizes. The diffusion of exome sequencing technology provided evidence for the role of rare coding variants in the aetiology of several complex diseases, and a cost effective alternative to exome sequencing is provided by the recent development of "exome" genotyping arrays, which were created to genotype rare coding variants identified by exome sequencing of thousands of individuals [28] . Thus, in order to comprehensively investigate genetic factors influencing risk to CH, we have used the Illumina PsychArray [15] that allows testing genome-wide common variants as well as low frequency exonic variants: the combination of these two features results in a gain in power, given the unknown genetic architecture of CH. Genotype data were exploited to carry out single marker genome-wide association tests using common SNPs, as well as gene-based association analysis focussing on rare exonic variants in candidate genes with a putative role in CH. Abbreviations: A1 minor allele in study sample, A2 major allele, A1-F A1 frequency, OR odds ratio for minor allele, CI confidence interval a Allele 1 frequency in 1000 Genomes phase 3, all populations (1000G_all) and european population (1000G_EUR)
The most interesting result stemming from genomewide analysis was a suggestive association of CH with a common variant of the PACAP receptor gene (ADCYAP1R1); furthermore, gene-based analysis provided evidence for a rare variant of the MME gene. Both gene products are known to have a pivotal function in pain mechanisms, thus making these associations particularly stimulating.
PACAP is a peptide involved in pain-processing in animal models [29] , and recently proposed to contribute to migraine pathogenesis [30] . Notably, PACAP administration in healthy subjects induces migraine-like headache [31] . PACAP, through PACAP receptor, induces activation of neurons in the superior salivatory nucleus, sphenopalatine and Gasser ganglion [32] , that is thought to be a crucial event in CH pathophysiology, and higher PACAP plasma levels were detected during ictal phase than during inter-bout periods in CH patients [33] . MME encodes for a zinc-dependent plasma membrane endopeptidase, also known as neprilysin or neutral endopeptidase (NEP), that hydrolyses several extracellular peptides. They include peptides, such as substance P, neuropeptide Y, bradykinin, enkephalins, and atrial and brain natriuretic peptides [34] , involved in the central regulation of pain, vasomotion, stress and sleep-wake rhythms as well as in the modulation of trigeminal nociceptive signals, whose alterations are thought to be implied in CH and to lead to the principal clinical features of this disease [3, 35, 36] . Interestingly, constitutive NEP knockout mice showed enhanced response to noxious thermal and chemical stimuli as well as thermal hyperalgesia and allodynia, and mechanical allodynia after chronic constriction injury of sciatic nerve [37] . The MME c.674G > C (p.G225A) missense variant was absent in our unaffected controls, but it is represented at low frequency in public control datasets (MAF = 0.02%); although the prevalence of primary headache in public datasets is unknown, this could reflect incomplete penetrance and the interaction with other genetic or environmental factors. Furthermore, rare loss-of-function and missense MME variants were recently associated to late onset dominant axonal polyneuropathies (Charcot-MarieTooth Neuropathy Type 2, CMT2; spinocerebellar ataxia with neuropathy, SCA43) [38, 39] and to a rare autosomal recessive variant of CMT2 [40] ; none of the neuropathy patients described in these studies was reported to have migraine or CH symptoms, however individuals with MME mutations were reported to experience painful sensations [38] . Given the variety of NEP target peptides and their wide expression pattern, it is plausible that MME deleterious variants may contribute to the aetiology of different neurological conditions, and further studies are needed to identify the mechanisms underlying the phenotypic differences. We can speculate that while severe, very rare deleterious mutations lead to axonal polyneuropathies, the more prevalent c.674G > C (p.G225A) missense variant might have a milder damaging effect, increasing CH susceptibility by interaction with other environmental or genetic factors.
Conclusions
In conclusion, our work provides the first evidence that genetic variants in genes involved in pain processing could confer susceptibility to CH. A major limitation in our study is the relatively small sample size, hence further investigation in larger cohorts is warranted in order to confirm our initial association results.
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